turbine blade material. Vital to the heat transfer design is an Accurate estimate of the local gas-side heat flux loads on the blades and vanes. The gas side heat transfer information is part of the iteration process necessary to establish cooled ''blade or stator designs. Although the general heat transfer problems are familiar to those im ulved in thermal design of turbines and comprehensive .vv , ,Yvey papers exist (see ref 1) , the relevance of these problems to heat transfer fundamentals ma y not be obvious to those doing basic research in unrelated areas. The main purpose of this paper is to acquaint those in the heat transfer community, not affiliated with the aircraft gas turbine industry, with some of the important basic heat transfer problems that need further investigation if the prediction of turbine blade or vane gas -side heat transfer is to be improved. There are equally important research questions regarding the coolant-side heat transfer. but they are beyond the scope of this paper.
In fu].filliiig this purpose, the following items will be discussed;;
(1) A general description of the hot gases that enter the turbine blade row as to their thermal state and flow iffharacteri,stics.
(2) A brief description of the analytical method-: era-lgyed in calculating tile gas-side heat transfer to turf. ne blades or vanes. An evaluation of their current accuracy in predicting heat transfer jet engines necessitates elevating the cycle preswill be presented. sure ratio and the turbine gas inlet temperature so (3) An enumeration will be made of basic flow as to realize improved efficiency. 'rile gas tempphenomena such as stagnation, curvature effects, aceratures in operational aircraft engines have alread y celeration, secondary flours and transition that in reached levels where some turbine cooling is required.-fluence local heat transfer rates. The status of Thus, elevating Cite gas temperatures higher will rebasic research in these areas will be discussed. quire more sophisticated cooling schemes for the same (4) Finall y , the paper will contain recommenda-
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INTRODUCTION
Tile accomtion process necessary to establish cooled blade or modation of higher gas umperatures necessitates stator designs. complex blade cooling schemes so as not to sacrifice Although the general heat transfer problems are structural integrity and operational life in advanced familiar to those involved in thermal. design of turengine designs.
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in addition. upbine industry, with some of the important basic heat stream disturbances, stagnation flow, curvature eftransfer problems that need further investigation if fects, and flow acceleration complicate the thermal the prediction of turbine blade at vane gas-side heat transport mechanisms in the boundary lavers.
Some transfer is to be improved: There are equally imporof these fundamental heat transfer effects will be taut research questions regarding the coolant-side discussed. The chief purpose of this paper 18 to heat transfer, but they are beyond the Scope of this acquaint those i1j the heat . transfer community. not paper. directly involved in gas turbines, of the serious-1'n fulfilling this purpose, the following items ness of F< pr6blem and to recommend some basic rewill be discussed; scare-: that would improve tale capability for, predict-(1) A general description of the hot gases that Ing kas-side heat transfer on turbine blades and enter the turbine blade row as to their thermal state vanes.
and flow characteristics. (R) A brief description of the analytical meth-INTRODUCTION ads employed in calculating the gas-side heat transfer to turbine blades or vanes. An evaluation of } Improved fuel consumption performance of turbotheir current accuracy in predicting heat transfer jet engines necessitates elevating the cycle pieswill 'be presented, sure ratio and the turbine gas inlet temperature so (1) An enumeration will be made of basic flow as to realizeimproved efficiency.
'late gas tempphenomena such as stagnation, curvature effects, aceratures in operational aircraft engines have already, c:eleration, secondary flat-is and transition that inreached levels where some turbine cooling is required.
fluence lora.l heat transfer rates. The status of Thus, elevating the gas temperatures higher toil]. rebasic research in these areas will be discussed. quiro more sophisticated cooling schemes for the Same (4) Finally, the paper will contain recommendas _ tions of basic heat transfer research that should be pursued in order to improve the certainty in predicting the gas-side heat transfer to turbine blades.
CONDITIONS OF THE HOT GAS ENTERING THE TUITBINE
For most commercial transport aircraft flying today. the turbine inlet gas tempel:ature is approximately 2000°F (1094°c) and the pr(~ssure is about 20 to 25 atmospheres. Nore advanced engines for military missions and new generations of commercial transports will operate \dth turbine inlet temperatures of 2500°F (1371 0 C) and above, and at pressure levels of 25 to 30 atmospheres. Futuristic plans call for advancing the turbine inlet temperature to near 2800°F (1538°c) and the pressure to 40 atmospheres. These temperatures are average values but the hot gases leaving the combustors have a temperature profile, so the first stages of the turbine see a non-uniform gas temperature. By the time the gases reach the turbine, they have been turbulentlyexci ted in the blade rOI~ of the compressor and in the combustion process. Thus, the turbine sees turbulent, nonsteady hot gases. Further complicating the situation are the radiation properties of the gases. The first row of turbine vanes will probably see the It'minescence of the flames in the combustor. The radiation component of gas-side heat transfer can be an appreciaple fraction of the total heat transfer to the first stage. However, the analytical method(s) for computing the radiation component I~ill not be discussed in this paper. It is apparent that the turbine is subjected to a rather hostile thermal environment that is not steady. Such an environment is difficult to depict analytically.
GAS-SIDE HEAT TRANSFER PREDICTION
Current design practice for estimates of the convective heat transfer for turbine blades or stators generally involves the use of IJ two dimensional boundary layer analysis program. Two examples of these kinds of programs are references 2 and 3. Reference 2 is a numerical method for computing either laminar or turbulent boundary layers by solving the integral momentum equation. In implementing the program, the user must make use of some sort of transition criteria or IJt least specify whether the boundary layer is laminar or turbulent.
A comparison of experimentally measured Nusselt number in a turbine cascade with the predicted values from the compute.tional method of ref. 2 arE' shown in figure 1, I:aken from reference 4. Considering the fact that the analysis is IJ two dimensional flat plate analysis without curvature, etc. built into it, the computer program does a fair job of estimating the local heat transfer coefficient distribution. HOI~ever, on the suction side of the cascade blades, an error of approximately 35% 1.S encountered near the mid-chord. Since the theory miscalculates the heat transfer coefficient, the actual wall temperature I~ould turn out to be in error by at least 100°F (55. 5°C) for a constant gas temperature of 2500°F (1371°C). From informatioTi received through a personal communication with Robert L. Dreshfield of Lel~1.s Research Center. a 100°F increase in the temperature of a nickel alloy at turbine blade tempera tures would effect an order of magni tude decrease in the estimated life of the blade. Such a decrement in life is intolerable and emphasizes the necessity for greater precision l.n estintatj ng (;flSside wall temperatures. ' 2 The computational program in reference 3 (STAN5) is a differential-type which has been 'used specifically for estimating the gas-side heat transfer to turbine blades. It is based on the Spalding-Patal/'Kar method. Reference 5 is such an application wh~re the program is used to estimate the gas-side heat transfer of blades that incorporate a coolant insert.
STAN5 is design.ed to solve the two dimensional boundary layer equations for both laminar and turbulent conditions. There is an automatic provision in the program to transition from laminar to turbulent flOl~ according to a momentum thickness Reynolds number criterion. Along \~i th the boundary layer momen tum equation, the program has the capability of handling an indefinite number of diffusion equations and solving the momentum and diffusion equations simultaneously.
The question of transition· and the effect of the free stream turbulence level on the blade boundary layer is a major uncertainty in any prediction scheme. Figure 2 , taken from reference 6, shOl~s the variation in measured local bea.t transfer coefficients in a cascade when the upstream turbulence was varied and shows comparisons between data and predictions. Note on the figure the predicted heat transfer coefficients: flat plate correlations and the Spalding-Patankar method on which STAN5 is based. It is evident that the SpaldingPatankar method predicted well at one turbulence level (5.9%) on the pressure surface but was not accurate on the suction surface for the same turbulence level. Hore 1~i1l be slJid about turbulence level effects and upstream flO\~ disturbances in a later section.
The point to be made in this section of the paper is that current analytical methods which are based on tlw-dimensional flat plate models need further refinements to account for the real flow physics on blades or vanes. Some of the real flO\~ phenomena will be described in the next section.
PHENmlENA AFFECTING HEAT TRANSFER
In turbines, the flol~ is being accelerated and turned by the blading and in the rotor rows is simultaneously being acted upon by centrifugal and coriolis forces. The hub surface and the outer casing wall also play a major role in establishing the flow patterns developed in the flow passages of turbomachinery. Consequently, the gas flow through an axial flow turbine is highly cOntplex and very difficult to model and IJnalyze. Figure 3 depicts a blade passage for either a rotating or stationary blade row in a turbine. In this two dimensional picture, the blade sections are at some mid-span position. The added complexities of the hub or tip section flow patterns are not presented in the sketch. As the flow enters the blade row, some of the streamlines impact on the leading edge of the blade to form a stagnation region. The boundary layer that develops in the vicinity of the stagnation zone appears to be laminar at first, then undergoes a transition process. Depending on the local Reynolds number and pressure gradient, and external flow disturbances, the boundary layer remains in a transition state or becomes turbulent around the leading edge of the blade. The streamlines that follow the suction surface continue to experience convex curvature. On the opposite surface of the blade, the streamlines encounter concave curvature. On both surfaces, local regions of flow acceleration and deceleration are encountered IVhich could contribute to transition or retransition processes occurring in the boundary layer. At the trailing edge of the blade rO\~, separation is apt to IS PAGE oJUG] QUALM devel which will influence tale hake. 'Any, 4P , pppP, that the Reynolds Number is raised to the one half coolant ilow that is dumped o[ it from the trailing power implies the initiation of a laminar boundary edge of the blade or vane will also influence the layer at the stagnation region and the geometric facwake, Note that secondary cross flows are indicated for corrects for boundary 'layer growth around the In the blade passage which vary in intensity and edge of the cylinder. direction along the span of the blade passage.
These cross flows will be most significant across the end Turbulence and Flow Unsteadiness wall and hub wall.
One of the most important influences on the loIt is clear from considering the schematic of a cal heat transfer distribution on the leading edge f turbine blade row that several flow / -phenomena are and on the pressure and suction surfaces of aturbine operating which influence the heat transfer. Among vane or blade is the time-unsteady condition of the the more obvious are: flow as it enters the blade or vane row. In V.;. 14 time-unsteady category, two principal unsteady contri-(1) impingement or stagnation flow butions have been lumped together, namely turbulence (2) curvature effects level and the pulsating or unsteady characteristics (3) flow unsteadiness and turbulence caused by the interaction of a rotating blade (4) accelerating and decelerating flow with a stationary vane row.
Frequentl y , these two (5) secondary flows effects are not considered separately. Furthermore, (6) body force effects in an actual turbojet engine application, the unstead- (7) transition and detransition processes iness of the flow coming into the turbine has been affected by the compressor and, more significantly. Fundamental forced convection heat transfer exby the combustion process. Obviously, the flow. reachperiments have been performed and reported that deal ing the turbine has been subjected to a number of inwith each of the above topics.
In this paper, most fluences that make the flow anything but idealized (but not all) of these fundamental heat transfer efsteady flow with a known turbulent structure. In fects will be discussed and an assessment rendered ' a fact.
purist may object to the term "turbulence" beas to their relative contribution to the uncertainty ing used to denote the structure of the flow as it in estimating the gas-side heat transfer to the turapplies to turbines. The argument being that Ole bine blade. The potential, interaction of several of usual sources of the turbulent production involved in these effects will be discussed.
a turbulent flow experiment may be relatively unimportant and nonin£luencial in a turbine application.
Impingement or Stagnation Flow
Thus, when a turbine designer refers to the turbulent The impingement of a jet or a free stream flow structure of the flow entering the turbine, he is not on a flat or cylindrical surface has been studied generally talking about the classical turbulence quite extensively as a fluid mecl'ianics and heat translevel definition of the aerodynamist. In the turbine for problem.
Although crossflow impingement on a`application, the unsteady flow intensity is defined cylinder is a truer representation of a turbine blade as the unsteady flow component normalized with resleading edge condition, 'et impingement on a flat 8 8 J pert to an average flow velocity at some station in plate is also a useful phenomena to study.
Crossthe system. Referheat transfer to a cylinder in crossflow is relevant ring to n typical velocity hot wire record shown in information.
Their study incompassed flow conditions figure 5, the following definitions wore proposed. from laminar to turbulent Reynolds numbers and they made measurements of the local hcat transfer rate ss over the entire surface of the cylinder. The measured profiles of Nusselt number around the cylinder from reference 8 are shown in figure 4 .
Tb ese Nusselt number` profiles are useful :information for estimating the leading edge heat transfer of turb`i,ne blades or vanes.
It turns out that rile stagnation region Nusselt Number is directly proportional to the ulti square root of the Reynold's Number. I'll(, constant of ;-ult)
proportionality is very close to unit y but is dependent on the turbulence level of the upstream flow.^= _ in reference 9, a similar stagnation relationship Was observed for impingement. of a jet on a flat plate. > MEAN U ;D For that case, the constant of proportionality is ' also sensitive to the upstream level of turbulence. 14. the authors pointed out that a de- The nature of the Turbine vane or blade geometry involves concave boundary layer on the ''flat plate was -detected by curvature on the pressure surface and convex curvesstatic pressure taps, crossed hot wire anemometers ture on the suction side.
As would be expected inand pressure/temperature probes.
It was concluded tuitively, the two types of curvature produce differthat an augmented free stream turbulence level did ent effects. The flow channel between two adjacent thicker. the flat plate boundary layer and dramaticalblades (or vanes) is a segment of , ,curved channel lr influenced the wake rzgion of the layer.
It was and this geometry has been popular in curvature also noted that the properties of the inner portion experiments.
In a curved channel, even with an apof the boundary layer were not greatly influenced preciable aspect ratio, a considerable amount of secby the free stream turbulence.
In general, however, ondary flow exists. Consequently, a pure two-dimenthe boundary layer takes on a non-equilibrium qualsional flow without any secondary flows is not enity because of the advection of free stream: turbu--countered in the experimental research. However, lent energy and the non-equiliaation between producthis simulates the t ype of secondary flow pattern tion and dissipation of turbulent energy within the observed in a vane flow passage caused by the endboundar y layer. walls. Visualization of the secondary flow on the In reference 20, it was reported that the turendwalls of a 6:1 aspect ratio channel reported in bulent shear stress was increased across the entire ref 24 showed evidence of appreciable crossflow from thickness of the layer when the free stream turbuthe concave wall across to the convex wall. Lence was augmented.
As would be expected from the Generally, the turbulence intensity on the conReynolds analogy between heat and _friction, it was vex wall is somewhat lower than the comparable flat observed that the heat transfer increased appreciplate. The convex curvature tends to inhibit turably also. If the flat plate boundary layer was bulence production. As a consequence, both the conlaminar, 50% increases in the heat transfer rates vective heat transfer rates and wall friction are were observed when the free stream turbulence was lower than the flat plate values.
The local values boosted from essentially zero to 9%. Substantially depend on the radios and the arc length of the cur ysmaller increases in heat transfer were observed ature, but decrements of 20` in friction and heat when thu boundary layer was already, turbulent. transfer as compared to the flat plate, are possible. In reference 21, rectangular grids were em0n the concave surface, the turbulence intensity ployed Co augment the turbulence upstream of an is augmented by Taylor-Gortler type vortices which electrically heated flat plate.
It was observed align themselves in the direction of the flow. The that the free stream turbulence had little effect on enhanced turbulence on the concave wall elevates heat transfer when its intensity was less than that the heat transfer rates and the friction. For curyof the boundary layer.
But when the free stream atures in which the boundary layer thickness to raturbulence exceeded the intensity of the boundary dies of curvature ratio is approximately 0.015, the layer, definite augmentation in heat transfer was enhanced heat transfer and friction may be anywhere observed.
The trend in the heat transfer and fricfrom 267 to 40; above the flat plate value depending tion data due to augmentation of free stream turbuon the are length (ref 24). lence is showed in figure 7 .
There have been several analytical or empirical The reader is referred again to figure 2 methods proposed to explain the effect of curvature which shows the changes in levels of heat transfer on turbulent flow.. Based upon Prandtl's treatment with free stream turbulence measured in a two dimenof centrifugal body Forces, Bradshaw has suggested sional cascade.
From four references cited herein that the Prandtl mixing length can be made a function about flat plate heat transfer, it is apparent that of the Richardson number, which depicts the relative free stream turbulence is influencial in controlling influence of buoyancy to shear production. The the magnitude of the local boundary layer heat transgradient Richardson number, Ri, is defined as fer.
The nature of the wake flow region in turbowhere g = gravity machinery has been investigated by Professor Lakshv = density minarayana and colleagues of Penn State University. y = dimension normal to the surface Hot wire measurements were made in three directions U = free stream velocity d ato storage Tatar  and computerized processing', -perturbations
In Pradt'8 of body forces non i the omising llength,elie showed thatca of flow in the axial, tangential and radial, flow --modified mixing length would be a function of a paradirections were determined.
In reference 22, the meter equivalent to one half of the gradient Richardwake region behind a free vortex compressor rotor able information about the mechanism of heat trans In Bradshaw's report (ref 23) the ratio P/Co is port within the turbulent thermal boundary layer: referred to as "F'.
Depending upon the direction of However, in reference 24, comparison of the boundary the curvature ( concave or convex', the magnitude of layer profiles for the temperature and velocity-lay-F varies from less than unity to something greaterers'showed similarity. Without more detailed inforthan unity. A suggested range might be from 0.5 to imation, one would have to assume that the Reynolds 1.5.
The above equation must be interpreted as a analogy applies. Therefore, the mixing length corsimplification and is very empirical even though it :rection iactors for the thermal boundary layer would Involves modification to the mixing length parameter, pr6Bably be the same as the comparable viscous bounused in complex analyses of the turbulent boundary idary layers. layer.
In an analytical boundary layer method presented !Acceleration and Deceleration Effects on Turbulent in ref 25, the effects of streamline curvature re lBoundary Layers accounted for by a proposed eddy viscosity function
The difficult heat transfer problems in rocket that is a product of the flat plate eddy viscosity nozzles encountered in the late 50's and 60's motiand a function of a curvature parameter.
The turvated research investigations of accelerating and debulence energy equations are simplified so that all celerating turbulent boundary layers. Experiments term's can be p carried out in two-dimensional_ and axisymmetric sum ti nF thate tleiturbulent i nergy result p energy production iannels: As would be exaected from physical intuition, acceleration and deceleration effects'alter ances the turbulent dissipation.
In the turbulent the structure of 'turbulent eddies. For instance, acenergy equations, length scales (see page 121, refceleration causes stretching of turbulent eddies erence 25) are introduced as proportionality conwhich results in reduced turbulence intensity. In stants to relate the energy terms of the equations.
fact, rapid acceleration rates could bring about a It turns out that only two of the length scales are phenomenon known as "relaminarization" in which a independent and these can be determined from the boundary layer that was originally turbulent would law of the wall and the plane flow turbulence energy tend to behave more like a laminar boundary layer. equation. Figure 8 , taken from ref 28, illustrates tiie almostIn reference 25, some of the experimental work discontinuous drop in heat transfer that accompanies is compared to the analytical prediction of several the relaminarization pheonomenon in a nozzle. Note of the boundary layer integral parameters.
For infrom the figure that relaminarization occurred in a stance, the growth of the experimental form factor Reynolds number range of one to two million. The H (ratio of displacement thickness to momentum thickonset of relaminarization is not very predictable,, ness) on the convex wall agree4 with the analytical just as the transition from laminar to turbulent flow prediction.
Also, the analytical model of the bounis not predictable either. A parameter has been dedarn layer proved to be reliable for predicting the wised that has proved to be a valuable indicator of coefficient of .friction.
As would be expected, the relaminarization susceptability. Such a parameter friction could not be predicted when separation was reflects the degree of acceleration and is generally imminent.
referred to as the "acceleration parameter V. Smbstantial research efforts mix when near to one another. Despite the apparent are underway to delineat( _ihese secondary flows independence of these vortices, the tip "clearance Fj experimentally and to create computer programs capsecondary flow was a significant contributor to the able fone de s cribi n g to have complex like the overall secondary flow effects observed in a cascade. ri the^three patterns. Beally dimensional, There h to be a n interaction between the " passage" compressible flow Navier-Stokes equations in a usep q and " tips 'p" vortices in establishing the overall secw able analytical form.
It is
ondary',flow. Thc, local convective heat transfer The categories of secondary flow to be found in will be coupled to the secondary flow pattern. turbomachines were rather completely discussed in a _ -series of NACA reports.
Their contents are summarTransition ized in ref 30.
Smoke, ink and paint streaks, and Characterizing the boundary layer as laminar or other visual techniques were employed to demonstrate turbulent is a major question in prediction of the the physical existence of secondary flow patterns.
heat transfer from the hot gas to the blade or shatThe visual techniques emplo y ed did not allow con_ or surface of a turbine stage. Therefore, it would plete mapping of the complex secondary flow patterns be highly desirable if a general analytical method inferred from pressure surveys at the trailing edge would exist for predicting the nature of the boundary of stators or blades.
However, the researchers were layer.
In the predictive method, STAN5_transition able to discern several important secondary flow is determined by a momentum thickness criteria. 'Howpatterns with their techniques.
Among them were ever, what might be termed a general method for prethe following types of secondary flows: dicting transition conditions does not exist. Some (1) A "Passage Vortex" in the endwall of a cassuccess has been enjoyed in particular cases wherecade.
A portion of the boundary layer in the endwall in experimental information provided reference data of a cascade experiences an overturning due to that could be used in linear stability theory to static pressure gradients act, ing,on it.
As this low predict the change in laminar or turbulent conditions g ei bride passage it exmomentum fluid negotiates th in the boundary layer. periences an overturning caused by the pressure A number of linear stability theories have been gradient between the pressure and suction qurfaces developed as mentioned in ref 32.
For some condiof the cascade.
It eventually hugs the suction surtions,'linear stability seems to work well but it is face in the endwall cornerand forms a vortex also possible to find cases where it fails. In Iranstream on exiting from. the cascade.
It was demonsition theory, it is the inherent stability of the strated that this passage vortex. continued this boundary layer flow that is being analyzed. In flow behavior when it entered a downstream blade row.
I: applications such as turbineblading,:external discont inued to be influenced by the pressure-to-sacturbances frequently trigger transition conditions tion pressure gradient and thus, did not experienceand 'these external influences cannot be easily inthe same turning as the main flow.
corporated into the theory. More recent invest.gations of the behavior of With regard to turbines, there appears to be the passage vortex in ref 31 have revealed that the necessity of accumulating more experimental data overturning of the boundary layer on an endwall can on the nature of the boundary layers on the suction result in the separation of that boundary layer and pressure surfaces of blades and vanes. There near the leading edge of a blade row.
Subsequently, are so many simultaneous effects that bear upon the the separated boundary layer becomes a passage vorboundary layers to cause transition or detransition tex.
A thin, laminar boundary layer replaces the conditions. In fact, any of the flow factors menseparated one. boned in this paper will influence transition. (2) "Radial Secondary Flow"'was observed in a stator row of an annular cascade in reference 30.
CONCLUSIONS AND RECOMMENDATIONS From shear streaks apparent on nondrying paint, and from pressure surveys made at the exit of the From wi:a.t ifi known about predicting the local stator row, it was concluded that most of the low heat transfer.rates associated with flow over energy boundary layer accumulated at the hubof the bladesor vanes in turbines, the following listed cascade.
Some secondary flow was evident at the effects contribute to excessive predictive_ uncertip and in the wake region, but the majority was tainty. With multistaging, these further experimental investigation and the results buildups could lead to sizeable accumulations of thereof incorporated into an analytical model of secondary fluids in the final stage or ,stages of the boundary layer development for that region., axial turbomachinery.
Obviously, the presence of Z _For the pressure and suction surfaces,' large accumulations of secondary flrw will,influcurved channel experimentsshould 'be executed that ence aerodynamic performance and heat transfer in simulate more closely the initial boundary layer the regions affected.
history of flow over a blade or vane. The blade In reference 30, the authors were able to visboundary lavers begin differently from the curved ualize vortex formation in the tip clearance region channel boundary layers cited in the literature. of a cascade., This vortex was completely separate
Differing' boundary layer history can affect local from the "passage vortex" described earlier.
Bothconvective heat Transfer rates appreciably. vortices were observed simultaneously and exhibited 3. nozzle. 
